Steady-state evaporation and condensation experiments have been conducted with water under conditions where buoyancy-driven convection is not present. The temperature profile in each phase has been measured. At the interface, independently of the direction of the phase change, a temperature discontinuity has been found to exist in which the interfacial vapor temperature is greater than that in the liquid. In a thin layer immediately below the interface the temperature is uniform in a layer ͑ϳ0.5 mm͒ and below that the temperature profile is linear, indicating thermal conduction. The uniform temperature layer indicates a mixing process occurs near the interface that could result from surface-tension driven ͑Marangoni-Bénard͒ convection and/or from ''energy partitioning'' that is necessary to account for the measured temperature discontinuity near the interface. When the measured interfacial properties are used with the expression for the phase change rate that is obtained from statistical rate theory, it is found that the predictions are in close agreement with the measurements.
I. INTRODUCTION
The conditions existing at the liquid-vapor interface during a phase change process are not well understood, possibly because of uncertainties in the thermodynamic conditions at the interface and/or the possible presence of convection. Classical kinetic theory has provided the molecular basis for the understanding of evaporation for over a century ͓1-4͔. Initial progress with mercury showed promise, but with other liquids and particularly water, the results were less certain. Although classical kinetic theory does not lead to a prediction of the liquid-vapor phase change rate, it has been used to define two empirical parameters, the evaporation and condensation coefficients, ␤ e and ␤ c ͓3͔, and these coefficients have been used to correlate a large number of measurements. Marek and Straub ͓5͔ have recently surveyed the reported values of these coefficients for water and pointed out the wide variation at nominally the same experimental conditions. The results of this survey suggest that the basic definitions of these coefficients is inadequate in some as yet undefined way, or that the experiments are not being performed under the conditions assumed.
One of the possible experimental difficulties is convection-either buoyancy or surface-tension driven. Although surface-tension driven ͑or Marangoni-Bénard͒ convection has been well documented for fluids other than water ͓6,7͔, Cammenga et al. ͓8͔ have pointed out the absence of experimental evidence for water. This absence is often attributed to contamination. However, in the experiments of Barnes and Hunter ͓9͔ and particularly those of Cammenga, Schreiber and Rudolph ͓10͔ and Schreiber and Cammenga ͓11͔ measures were taken to ensure cleanliness, but none of these studies indicated the presence of Marangoni-Bénard convection ͓8͔.
However, one of the difficulties is knowing whether convection should be expected. In the analytical investigations to determine the criterion, it is usually assumed that the liquid phase is a continuum with no phase change at the free ͑liquid-vapor͒ surface-only cooling or heating ͓12-14͔. This leaves out the flow field required to supply ͑or remove͒ liquid to the interface where the evaporation ͑or condensation͒ is taking place. Further, experimental observations do not appear to support the criterion developed from these analytical approaches. Using an experimental approach in which several liquids, but not water, were studied, Chai and Zhang found that the traditional criterion for the onset of Marangoni-Bénard convection was not in agreement with their observations, and they suggested a modified criterion ͓6͔. If the analytical criterion for the onset of surface-tension driven convection is to be improved, it seems necessary to know the coupling between the local-equilibrium properties at the liquid-vapor interface and the evaporation or condensation flux. This coupling relation is unlikely to be predicted from a continuum formulation or classical kinetic theory ͓5͔.
An expression for the evaporative flux that shows promise of providing this relation has been obtained from statistical rate theory ͑SRT͒ ͓15-20͔. This approach uses the transition probability concept of quantum mechanics, assumes the quantum-mechanical states within the energy uncertainty of an isolated system are equally probable, and that the rate of exchange between these quantum states has the same value. It leads to an expression for the phase change rate that depends only on the material and molecular properties of the fluid undergoing the phase change process and on the localequilibrium properties at the interface in each phase ͑see the Appendix͒. For water, the material and molecular properties are known.
The expression obtained from statistical rate theory for the phase change rate has been previously examined for evaporation, and the predictions were found to be in close agreement with the measurements for three different liquids ͓21-23͔. Theoretically the same expression should be valid when the net molecular flux is reversed, i.e., for condensation ͑negative evaporation͒, but it has not been previously examined for condensation. For this purpose, a coordinated series of steady-state evaporation and condensation experiments have been conducted. Since water expands on cooling for temperatures less than 4°C, experiments were conducted under conditions where no buoyancy-driven convection during either evaporation or condensation would be present. The temperature profile was measured in both phases near the interface using small ͑ϳ25 diameter͒ thermocouples. The profile indicates that independently of the direction of the net molecular transport, the interfacial vapor temperature is higher than that in the liquid, that there is a thin layer of liquid ͑ϳ0.5-mm deep͒ near the interface in which the temperature is uniform, and that below the uniform temperature layer, the mode of energy transport is by conduction. Using the measured interfacial temperatures, flux rate and interface curvature, the SRT expression for the phase change rate may be used to predict the pressure in the vapor and the results compared with the measurements.
The analysis raises a kinetics issue. In classical kinetic theory, the unidirectional liquid evaporation rate is usually assumed to be independent of the conditions in the vapor phase ͓1-4͔, whereas, the SRT expression for the phase change rate depends on the entropy change that results from one molecule transferring from the liquid to the vapor phase, ⌬s LV and this quantity depends on the conditions in both phases. This predicted dependence of the SRT phase change rate is evaluated by comparing the measurements with the predictions.
II. EXPERIMENTAL METHODS
Water was deionized, distilled, nanofiltered, degassed, and held in a sealed glass vessel that was connected to a syringe pump through a valve. As indicated in Fig. 1 , a second outlet from the syringe led to a conical funnel ͑7-mmmouth diameter͒ in the phase-change chamber through a 1.5-mm-diam stainless-steel tube. Before water was transferred to the syringe, the chamber and syringe were evacuated to a pressure of less than 10 Ϫ3 Pa with a vacuum system. Afterwards the valve between the syringe and the glass container was opened and water was allowed to flow from the glass container into the syringe. The syringe pump pushed water to the funnel mouth where a liquid-vapor interface was formed.
The chamber was then pressurized with N 2 to 0.4 MPa for 1 h to force water into any cavities that may have been left unfilled when the test liquid was introduced. Afterwards the chamber was decompressed to near atmospheric and half of the water in the syringe pump was expelled through the funnel and drained from the chamber. Ideally, this removed the water containing dissolved N 2 . Finally, the chamber was evacuated for 1 h to dry the chamber. Degassed water remained in the syringe and funnel. The syringe pump was then advanced until the water-vapor interface was again at the mouth of the funnel. The system was ready to run an evaporation experiment. To run a condensation experiment, one additional preparation step was required.
When an evaporation experiment was to be performed, a valve between the chamber and the vacuum system was opened slightly, initiating evaporation. From outside the chamber, the height of the water-vapor interface could be measured with a cathetometer to Ϯ10 m. Both the syringe pumping rate and the valve to the vacuum system were adjusted until the liquid-vapor interface remained at a constant height. The steady-state evaporation rate was then equal to the pumping rate. The latter could be measured to Ϯ0.3 L ͑liquid͒/h. When a condensation experiment was to be run, the same procedure was followed to establish a water-vapor interface at the mouth of the funnel. Afterwards, prepared water was allowed to flow, without exposure to air, into the concentric test liquid reservoir indicated in Fig. 1 . A heating jacket maintained the reservoir-water temperature at a predetermined value. The water in the funnel was then cooled by flowing a cooling fluid into the tube that was concentric to the tube leading from the syringe to the funnel ͑see Fig. 1͒ . This caused vapor coming from the test-liquid reservoir in the chamber to condense at the liquid-vapor interface that was maintained at the funnel mouth. The reversible syringe pump was then used to withdraw water from the funnel at a rate that maintained the interface at a constant height. In this circumstance, the steady-state condensation rate was equal to the withdrawal rate of the syringe pump, and could be measured with the same accuracy as the evaporation rate. Thus, during either an evaporation or a condensation experiment, an unmoving water-vapor interface was present at the funnel mouth.
The temperature in each phase near the interface on the chamber center line was measured with a thermocouple ͑TC1͒ mounted on a rigid frame that was connected to a positioning micrometer. The position of the thermocouple was determined with the cathetometer. This thermocouple was small enough ͑25.4-m diam͒ that its junction could be positioned in the liquid phase with little distortion of the interface. A second thermocouple ͑TC2, 81.3-m diam͒ was also mounted on the frame. Its junction was 0.5 mm above that of the smaller junction. Both thermocouples were used to measure the temperature in the vapor phase. A third thermocouple was permanently positioned near the throat of the funnel. In the test-liquid reservoir, three thermocouples were present, positioned as indicated in Fig. 1 . When the temperature profile, interface height, and ͑syringe͒ pumping rate were unchanging for 30 min, the system was judged to be in a steady state.
III. EXPERIMENTAL RESULTS
Once steady state had been reached, two temperature profiles in each phase were measured while the system was in steady state. The minimum steady-state periods for the evaporation and condensation experiments were 165 and 150 min, respectively. As indicated in Fig. 2 , the temperatures measured with the differently sized thermocouples agreed to within Ϯ0.25°C, indicating that any heat conduction along the thermocouple had little effect on the measurements. The positions closest to the interface in each phase where the temperatures were measured were 0.02Ϯ0.01 mm above the interface, and 0.04Ϯ0.01 mm below.
A. Temperature profiles in the liquid phase near the interface
The experiments were run in pairs. First, an evaporation experiment was conducted. The evaporation rate was chosen high enough so that the liquid interfacial temperature was less than 4°C. The interface was the position of smallest temperature in the liquid phase. Since water expands on cooling for temperatures less than 4°C, this ensured that during the evaporation experiments, the least dense liquid was at the interface, and no buoyancy-driven ͑or Rayleigh-Bénard͒ convection would be expected.
Then a corresponding condensation experiment was performed by approximately inverting the temperature profile in the liquid phase ͑see Table I and Fig. 2͒ . This ensured that during the condensation experiments, the interfacial liquid temperature was above 4°C and was the highest temperature in the liquid phase. Thus, the least dense liquid was again at the interface. There was no buoyancy-driven convection in the vapor phase in either the evaporation or condensation experiments, since the lowest temperature was at the bottom of the vapor phase in each case. The temperature profiles in the liquid and vapor phases of experiments E1 and C1 ͑Tables I and II͒ are shown in Fig. 2 .
If the imposed temperature profile does eliminate buoyancy-driven convection as these results suggest, surface-tension driven ͑or Marangoni-Bénard͒ convection is not necessarily eliminated. When the temperature profile in the liquid phase near the interface is closely examined, one finds a layer where the temperature is approximately uniform, and then deeper in the liquid phase the temperature has an approximately constant gradient. The uniform temperature layers of experiments E1 and C1 are easily seen in Figs. 3 and 4. For the evaporation experiments, the thickness of the uniform temperature layer varied from 0.35 to 0.61 mm and tended to decrease as the evaporation rate was increased. These thicknesses correspond to the highest and lowest evaporation fluxes, respectively.
For the condensation experiments, the uniform temperature layer ranged from 0.22 to 0.37 mm, but did not correlate with the condensation rate. The temperature profile near the interface measured for condensation experiment C4 is indicated in Fig. 5 . The thickness of the uniform temperature layer in the liquid phase was 0.25 mm and the condensation flux was 0.04 g/s m 2 . For experiment C1 ͑Fig. 4͒, the thickness of the uniform temperature layer was 0.22 mm and the condensation flux was 0.315 g/s m 2 . Thus an order of magnitude change in the condensation flux did not significantly change the thickness of the uniform temperature layer.
B. Mode of energy transport in the liquid phase
The existence of an approximately uniform temperature layer near the interface but a constant gradient in temperature deeper in the liquid phase ͑see Figs. 3, 4, and 5͒ raises a question about the mode of energy transport in the liquid phase. This question is further complicated by the temperature discontinuity that was measured at the interface in each of the experiments. In evaporation experiment E1, the interfacial vapor temperature was measured 3Ϯ1 mean-free paths ͑MFP's͒ above the interface and was greater than the FIG. 2. Measured temperature profiles on the phase-change chamber center line during steady-state evaporation or condensation ͑experiments E1 and C1, see Table I͒ . During each experiment, two temperature profiles were measured at least 30 min apart. The temperature profile in the liquid phase of C1 is an approximate inversion of the temperature profile in the liquid phase during E1. Note the agreement between the differently sized thermocouples and the steady-state nature of the profiles. The long-dashed straight lines were drawn from the measured throat temperature ͑Fig. 1͒ to the value measured at the deepest point in the liquid. No measurements could be made between these two points.
interfacial liquid temperature by 3.0Ϯ0.1°C. When the direction of the net molecular transport at the interface was reversed by inverting the temperature profile in the liquid ͑experiment C1͒, the temperature discontinuity did not reverse. The interfacial vapor temperature, measured 8 Ϯ3 MFP above the interface, was 0.4Ϯ0.1°C greater than that in the liquid.
In all cases, evaporation or condensation, the interfacial temperature in the vapor was greater than that in the liquid. The magnitude of the temperature discontinuity increased with the evaporation flux, but a correlation between them could not be discerned for condensation, perhaps because the temperature in the vapor could only be measured several MFP's from the interface.
C. Measured pressure in the vapor phase
During the evaporation experiments, the chamber was continuously evacuated. The mean values of the vapor-phase pressure ͓Ϯstandard deviation ͑SD͔͒ measured at the top of the chamber with the manometer ͑see Fig. 1͒ are listed in Table I . The error bars are the standard deviation calculated from measurements made during the steady-state period of each evaporation experiment.
During the condensation experiments, the chamber was closed, and the area of the liquid-vapor interface in the testliquid reservoir was 24.5Ϯ1.3 times larger than that of the liquid-vapor interface at the top of the funnel. A separate set of control experiments was performed with a humidity sensor and mass spectrometer to determine if there would have been significant air leakage into the chamber during the con- Table I for each condensation experiment.
D. Calculation of the interface shape
The Laplace equation was used to calculate the shape of the axisymmetric interface. If the pressure profile in each phase is assumed hydrostatic, this equation may be written in terms of the radial and axial positions on the interface, r(),z(), and the turning angle ͑see Fig. 1͒ :
where
͑3͒
and the molecular weight is denoted as W, the gravitational intensity as g, the radius of curvature on the center line as R 0 , the specific volumes as sat j , and the temperature at the interface as T j ( jϭL,V). A superscript L or V indicates a property of the liquid or vapor phase and the subscript sat on a property that it is to be evaluated at the saturation condition.
The boundary conditions for the integration of these equations are provided by the values of the interface shape parameters, z 0 Ϫz f and d f . These parameters are defined in Fig. 1 , and were measured in each experiment with the cathetometer. Their values are listed in Table I . This system of equations was solved numerically with R 0 and the maximum turning angle Max chosen to satisfy the conditions imposed by the measured values of the interface parameters.
The area of the interface may then be calculated from the function r() that is obtained by this integration Table I . Note the interfacial liquid temperature is below 4°C, a temperature discontinuity was present at the interface in which the interfacial vapor temperature was greater than that in the liquid, immediately below the interface the temperature in the liquid phase was spatially uniform, and deeper in the liquid the temperature profile had a constant gradient.
FIG. 4.
Temperature measured near the interface on the vertical center line of the phase-change chamber during condensation experiment C1. Note the interfacial liquid temperature is above 4°C, a temperature discontinuity was present at the interface in which the interfacial vapor temperature was greater than that in the liquid, the temperature immediately below the interface was spatially uniform, and deeper in the liquid the temperature profile had a constant gradient.
FIG. 5.
Temperature measured near the interface on the vertical center line of the phase-change chamber during condensation experiment C4 ͑Table I͒. Note a temperature discontinuity was present at the interface in which the interfacial vapor temperature was greater than that in the liquid, the temperature immediately below the interface was spatially uniform, and deeper in the liquid the temperature profile had a constant gradient.
The pressures in the liquid and vapor phases at the interface as a function of the turning angle are given by
Thus, the pressure at the interface in each phase may be calculated once the value of P 0 V has been determined. The interfacial pressure could not be measured directly, but it can be calculated and compared with that measured at the top of the chamber with the Hg manometer.
IV. INTERFACIAL CONDITIONS DURING PHASE CHANGE PROCESSES
The SRT expression for the net phase change rate is given in Appendix A. In summary, j LV is in terms of the entropy change that results from one molecule making a transition from the liquid to the vapor phase, ⌬s LV and the molecular exchange rate between the phases of an associated system K e ͓23͔. The associated system is defined by supposing that at one instant the steady-state system that we consider experimentally is isolated and allowed to evolve to equilibrium. When the isolated system has reached thermodynamic equilibrium, the molecular exchange rate between the liquid and vapor phases in the isolated system would be the value of K e . The expression for j LV ͓Eq. ͑A1͒ in the Appendix͔ is given by j LV ϭ2K e sinh͑⌬s LV /k ͒.
The expression for ⌬s LV and K e may be obtained from the closed, coupled system of equations, Eqs. ͑A1͒ through ͑A6͒. When the expressions for ⌬s LV and K e are inserted into Eq. ͑A1͒, it is found that the expression for j LV is in terms molecular properties, material properties, and the interfacial, local equilibrium properties of each phase. The molecular properties include the molecular vibrational frequencies l and the partition function for the molecule. The approximate expression given for the partition function in Eq. ͑A6͒ is for the triatomic water molecule. The material properties of the liquid and vapor phases that appear in the expression for j LV are sat L , P sat (T), and ␥ LV , and the local equilibrium properties of each phase are T V , P V , T L , and R 0 Ϫ1 . The center-line curvature R 0 Ϫ1 could be replaced by the pressure P L . The value of R 0 is determined from the measured interface parameters and the numerical integration of Eqs. ͑1͒-͑3͒.
A. Predicted pressure in the vapor phase
The total evaporation rate, J LV may be obtained by integrating j LV over the surface
When the measured values of T L , T V , R 0 Ϫ1 , and J LV , which are listed in Tables I and II , are used in Eqs. ͑1͒-͑7͒ and ͑A1͒-͑A6͒, a closed set of equations is obtained that contains the single unknown P 0
V . An iteration procedure may be used to calculate this vapor-phase pressure. The values determined by this procedure are listed in Table II . For each experiment, this predicted value of the vapor-phase pressure may be compared with the measured values. One finds the results shown in Fig. 6 .
It has been previously found that SRT can be used to correctly predict the conditions at which evaporation of three different liquids including water takes place at a measured flux ͓21-23͔. The results in Fig. 6 indicate that for water, SRT can be used equally well to predict the interfacial conditions when the direction of interfacial molecular flux is reversed so that condensation takes place.
Note from Table II that in each of the evaporation experiments, the predicted vapor-phase pressure, P 0 V is within a fraction of a pascal of the saturation pressure corresponding to the measured liquid interfacial temperature T L . Compared to its own interfacial temperature T V the vapor is predicted to be at a pressure less than P sat (T V ). Thus, the vapor phase is superheated. By contrast, the liquid phase is predicted to be at a pressure greater than P sat (T L ). Thus, the liquid phase is compressed.
When the direction of the net molecular flux is reversed, i.e., for the condensation experiments, these conditions are predicted not to reverse. In each condensation experiment, the predicted vapor-phase pressure is within 0.1 Pa of the saturation vapor pressure corresponding to the interfacial temperature of the liquid, P sat (T L ). The vapor phase remains superheated and the liquid compressed. However, compared FIG. 6 . Comparison of the predicted partial pressure of the vapor at the interface with that measured when either evaporation or condensation was occurring at the interface. Except in two cases, the error bars on the measured pressure are covered by the size of the symbols. The measured pressures are listed in Table I and the  predicted values in Table II . Note that there is no measured disagreement between the measurements and the predictions.
to the conditions for evaporation, the degree of vapor superheating is reduced and the degree of liquid phase compression is increased.
B. The potential for molecular transport at an interface
We note that in classical kinetic theory, the assumption is usually made that the liquid evaporates at a rate determined only by the conditions existing in that phase ͓1-3͔. However, SRT indicates the conditions in each phase play a role in determining the net flux rate. For example ͓23͔, the unidirectional evaporation flux r LV is given by 
͑9͒
͑The net evaporation flux, j LV is the difference between r LV and r VL .͒ As indicated in Eq. ͑A2͒, s LV depends on the chemical potentials and temperatures in the liquid and the vapor phases. Thus, unlike classical kinetic theory, the unidirectional rate of evaporation or the unidirectional condensation rate depends on the conditions in each phase.
If Eq. ͑A1͒ is examined, it is found that evaporation is predicted to occur when ⌬s LV is positive, and condensation is predicted to result when ⌬s LV is negative. Since P 0 V has been calculated for each experiment, this prediction may be examined. The value of the pressure in each phase at any position on the liquid-vapor interface may be calculated using Eqs. ͑5͒ and ͑6͒. Then assuming the interfacial temperature in each phase to be approximately equal to the values measured on the center line, the values of ⌬s LV at the interface may be calculated from Eq. ͑5͒. There is only a small variation in the value of ⌬s LV with position on the interface. In all of the experiments, the maximum variation was ϳ10 Ϫ3 %. Thus, the mean value of ⌬s LV may be used to calculate the evaporation flux in each experiment. One finds the results indicated in Fig. 7 .
As seen there, the measured values of j LV are negative ͑condensation͒ when ⌬s LV is negative, and j LV is positive when ⌬s LV is positive ͑evaporation͒. Thus, ⌬s LV acts as a potential to determine the direction of molecular transport in a fashion similar to the way temperature acts to determine the direction of thermal energy transport.
C. The temperature profile during the liquid-vapor phase transition
When either evaporation or condensation is taking place, the measured temperature profiles indicate: ͑1͒ A temperature discontinuity exists at the liquid-vapor interface, and independently of the phase change direction, the temperature is always greater in the vapor. The magnitude of the temperature discontinuity increases with the evaporation flux. During condensation, the temperature could only be measured ϳ10 MFP's from the interface, and a relation between it and the condensation flux could not be discerned from measurements made at this distance from the interface. ͑2͒ In the liquid phase immediately below the surface, the temperature is approximately spatially uniform for a depth that depends on the phase change process, but is on the order of ϳ0.5 mm. ͑3͒ Below the uniform temperature layer, the temperature profile in the liquid was observed to have a constant gradient, indicating the mode of energy transport there is thermal conduction.
The existence of the uniform temperature layer and the constant temperature gradient in the subinterface region suggests that surface-tension driven convection is present in the liquid near the interface. A complete description of the energy transport must explain the temperature discontinuity.
We note that when equilibrium exists between the liquid and vapor phases of water, the temperature would be the same in each phase, but the average energy per molecule would be ϳ2 orders of magnitude higher in the vapor than in the liquid. The fact that during evaporation the measured interfacial vapor temperature is higher than in the liquid suggests that it is predominantly the molecules from the highenergy tail of the energy distribution that are able to escape the liquid. This suggestion is supported by previous studies of the steady-state evaporation of water, octane or methylcyclohexane ͓21-23͔. For each substance, the interfacial vapor temperatures were measured to be greater than that in the liquid. The magnitude of the temperature discontinuity varied from one substance to another, but for each substance it increased as the evaporation rate was increased. At the highest evaporation rate of water, the temperature in the vapor was measured within approximately one MFP of the interface and was 7.8°C higher than that on the liquid side of the interface. Thus, on average the molecules encountered the thermocouple simultaneously with their first collision. It appears the higher-energy molecules were coming right out of the liquid.
We note that the explanation in terms of the energy distribution is based on single-particle events. Bedeaux and FIG. 7 . Dependence of the evaporation flux on s LV , the change in entropy that results when the one molecule is transferred from the liquid to the vapor phase. The prediction is that if s LV is negative, the evaporative flux will also be negative ͑condensation͒.
Kjelstrup ͓24͔ have suggested that multiple particle events are necessary to explain the observed temperature discontinuities reported by Fang and Ward ͓21,22͔. Also, it has been pointed out by Fang and Ward ͓21-23͔ that if it is assumed that the evaporation and condensation coefficients are equal to unity, classical kinetic theory leads to a prediction of a temperature discontinuity for evaporation in the opposite direction from that measured; however, for condensation, the predicted temperature discontinuity is in the same direction as that predicted from classical kinetic theory on this basis, but much smaller than that measured ͓25-28͔.
A much larger temperature discontinuity ͑''a few million degrees''͒ has been thought to exist at the solar coronaphotospheric chormospheric ''surface'' for some time ͓29͔ and recent results confirm its existence ͓30͔. Although the solar circumstance is much more complex than the one we consider, there are conceptual similarities. If one thinks of the solar surface heating the corona, it would be impossible for the corona to be hotter than the surface, but if one thinks of the higher-energy particles escaping the surface, there is no reason the corona could not have a higher temperature. Similarly, if during evaporation, the molecules of higher energy are the ones escaping the liquid, there is no reason the interfacial vapor temperature could not be higher than that of the liquid.
For fluid evaporation, an estimate of the molecular energy of the escaping molecules above the average would be T L ⌬s LV . Note that under equilibrium conditions ⌬s LV is zero and that as the evaporation flux increases, ⌬s LV increases, as does the temperature discontinuity. The depletion of the interface layer of the higher-energy molecules by this ''energy-partitioning'' would give rise to an equilibration or mixing process that could contribute to the molecules in the layer near the surface having a uniform temperature.
The predicted necessary condition for condensation is that ⌬s LV is negative. A negative value of ⌬s LV indicates there is an increase in entropy when a molecule transfers from the vapor to the liquid. Molecular transfers in both directions are predicted, but a larger number is predicted to transfer in the direction of increasing entropy than in the reverse direction. The fact that the temperature is higher in the vapor than in the liquid during steady-state condensation indicates that there is a preferential transfer of the lower energy molecules from the superheated vapor to the compressed liquid phase. A measure of the energy of the molecules transferring from the vapor to the liquid would be T V ⌬s LV . The equilibration of these molecules with the others in the liquid phase would also give rise to a mixing process.
Thus, there are at least two processes that could contribute to establishing a uniform temperature in the liquid near the interface-surface-tension driven convection and ''energy partitioning'' during the phase change process. Since there is no criterion available to determine when surface-tension driven convection can be expected that can be applied for the experimental circumstances we consider, the conclusion that surface-tension driven convection is in part responsible for the uniform temperature layer must be viewed as tentative.
V. CONCLUSION
In both the evaporation and condensation experiments the measured temperature profile indicates thermal conduction in a subinterface liquid region, a uniform temperature layer ͑ϳ0.5 mm͒ in the liquid near the interface, and a temperature discontinuity at the interface in which the interfacial vapor temperature is greater than that of the liquid. Although the experimental conditions are such that there is no buoyancydriven convection, the uniform-temperature layer suggests a ''mixing'' process in the liquid phase near the interface. One possible source of the mixing is surface-tension driven convection. Another is the ''energy partitioning'' at the interface that is required to account for the measured temperature discontinuity.
The SRT approach gives the expression for the phase change flux j LV in terms of molecular and material properties of the substance undergoing the phase change process, and the interfacial, local equilibrium properties in each phase, T L , T V , R 0 Ϫ1 , and P V . The molecular and material properties for water are known; thus by measuring the phase change flux and three of the four local equilibrium properties, an unequivocal prediction can be made of the fourth. This procedure has been used to predict the vapor-phase pressure. For each experiment, the measured interfacial temperatures, interface curvature and phase change rate were used in the SRT expression and the vapor-phase pressure, P V predicted. The predictions indicate that during the phase change process, the pressure in the vapor is very near the saturation vapor pressure corresponding to the interfacial liquid temperature P sat (T L ), and when the predicted values of P V are compared with the measured vapor-phase pressures, very close agreement is found for both evaporation and condensation.
One of the significant differences between the SRT expression for the net phase change rate and that of classical kinetic theory is that SRT indicates the unidirectional rate of evaporation r LV is affected not only by the state of the liquid, but also by the state of the vapor. Similarly, the unidirectional rate of condensation r VL is predicted to depend on the thermodynamic state of each phase. The net rate ͑i.e., r LV Ϫr VL ͒ is predicted to be in terms of change in entropy that results from one molecule transferring from the liquid to the vapor phase s LV . When s LV is positive, the net rate is predicted to be evaporation, and if s LV is negative the rate is predicted to be condensation. But the value of s LV depends on the thermodynamic properties in each phase, see Eq.
͑A2͒.
As a result of this dependence, during steady-state evaporation, it is predicted that the liquid is at a pressure greater than P sat (T L ) and the vapor is at a pressure less than P sat (T V ); thus the liquid is compressed and the vapor is superheated. When the net molecular flux at the interface is reversed to produce steady-state condensation, it is found that the degree to which the liquid is compressed is increased and the degree to which the vapor is superheated is reduced.
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The expression for the net evaporative flux j LV that is obtained from SRT is in terms of two thermodynamic functions, ⌬s LV and K e and may be written ͓23͔ j LV ϭ2K e sinh͑⌬s LV /k ͒, ͑A1͒
where k is the Boltzmann constant. Local equilibrium is assumed valid in each phase, and if the chemical potential at the interface in phase i is denoted as i and the temperature by T i , then the function s LV may be written
where h V is the intensive enthalpy in the vapor phase. The thermodynamic function K e may be expressed
where the pressure P 0 e L is determined as the iterative solution of
͑A4͒
An approximate expression for ⌬s LV has been given ͓23͔,
where q vib is the vibrational partition function:
1Ϫexp͑Ϫប l /kT͒ . ͑A6͒
For the water molecule, the three measured vibrational frequencies ͓31͔ have values of 1590, 3651, and 3756 cm Ϫ1 .
